Multi-Scale Theoretical Developments and Applications:
There are two aspects to the multi-scale (quantum/statistical mechanics) theoretical efforts of this research: (1) Development and application of time-dependent density functional theory (TD-DFT) and Moller-Plesset (MPn) perturbation theory, which permit explicit treatment of applied and molecular (dielectric permittivity) time-dependent fields and (2) coarse-grained Monte Carlo/molecular dynamics computational methods capable of simulating order (e.g., lattice dimensionality and acentric order) and dynamics (e.g., viscoelasticity) in macromolecular materials containing electro-optic chromophores. These two approaches combine to form a multi-scale computational method capable of providing critical guidance to the development of new organic electroactive (including electro-optic) materials.
Multi-dimensional methods have permitted quantitative simulation of linear and nonlinear optical properties and dielectric permittivity including those of dipolar liquids, dendrimers, polymers, and inorganic materials. Theory is bridging the conceptual gap between various methods of preparing organic electro-optic materials (electric field poling, crystal growth, sequential synthesis).
Development and Application of New Characterization Tools:
Critical to the development of reliable theoretical guidance and definition of critical structure/function relationships is the ability to accurately measure linear and nonlinear optical properties, thermal and photochemical stability, etc. We have assembled a unique tool set providing the capability for measurement of molecular first hyperpolarizability by wavelength-agile, femtosecond HRS and by EFISH [11, 50] , electro-optic activity by modified Teng-Man Ellipsometry and attenuated total reflection (ATR) [11, 50] , acentric order parameters by variable angle polarized absorption spectroscopy (VAPAS) [11, 26] and variable angle spectroscopic ellipsometry (VASE) [11] and by atomic resolution techniques including two photon fluorescence microscopy [1, 21] , and measurement of photochemical stability at telecommunication wavelengths by pump-probe methods [4, 11] .
Development and Application of New Synthesis and Processing Methodologies:
We have pioneered microwave-assisted synthesis as applied to the production of organic electroactive materials and have been a leader in developing new lattice hardening chemistries, particularly Diels-Alder/Retro-Diels-Alder cycloaddition reactions, which have yielded organic electro-optic materials with glass transition temperatures exceeding 200°C [11, 34, 38, 47] . Our laboratory has pioneered the fabrication of complex device structures, such as coupled multi-ring microresonators by soft and nanoimprint lithography and we have been actively involved in the fabrication of conformal and flexible devices by lift-off techniques. Recently, we have introduced laser-assisted electric field poling [11, 55] as a means of improving electrooptic activity while maintaining low optical loss and even more recently we have demonstrated that nanoscopic metal oxide surface coatings and surface functionalization with an oriented chromophore monolayer can lead to improved optical nonlinearity. We have also pioneered the incorporation of organic nonlinear optical materials into silicon photonic waveguide and nano-slot waveguide device structures. This integration has included utilization of doped silicon as poling and drive electrodes. The integration of organic NLO materials with silicon photonic structures has been extended to the demonstration of Reconfigurable Optical Add/Drop Multiplexer (ROADM) devices (for chipscale information routing) carried out in collaboration with Boeing. A significant accomplishment of our theoretical simulations of device performance is the prediction of concentration of light in nanoscopic slots etched into silicon photonic waveguides. These slots permit nearly lossless transition of light from high index of refraction silicon into lower index of refraction organic nonlinear optical materials for active control of light.
Photostability Studies: In a collaborative study with Professor Peter Gunter of the ETH, Zurich, we have analyzed the photochemical kinetics (employing optical pump powers in the range 400mW-1W for accelerated testing) of dozens of organic electro-optic materials. Improved analysis and measurement protocols have been developed. Singlet oxygen chemistry is the found to define the dominant photodegradation mechanisms and packaging of hardened materials has yielded photostability figure-ofmerit values (B/σ or the number of absorbed photons required to produce a damage event) as large as 5000 x 10 32 m -2 (which would yield more than 100 years of operation for normal telecommunication power levels). Our studies have been particularly useful in demonstrating the dependence of photostability on chromophore structure. Here we have space to illustrate only one example (Fig. 8 ) but photostability can be typically varied by up to two orders of magnitude with simple variation of chromophore structure. Note that chromophores in dendrimers are usually more stable than the same chromophore in polymer composites consistent with reduced oxygen accessability in the dendrimer material lattice. Lattice hardening (crosslinking) and use of singlet oxygen quenchers lead to further multiple order of magnitude improvements of photostability. As with researchers at Corning , we observe up to 4-5 orders of magnitude variation in photostability for the same parent chromophore π-electron structure as a function of derivativation of that core structure, lattice hardening, use of quenchers, and packaging to exclude oxygen. While photostability issues are not as serious for organic electro-optic materials as for organic light emitting device and photovoltaic materials (because the operational light is off resonance and current flow is minimum in EO applications), packaging will still likely be required to achieve 10 year operational lifetimes, particularly if optical power levels exceed typical telecommunication powers.
In summary, we have established the world's leading facility for the characterization and analysis of the photostability of organic electro-optic materials, in both thin films and devices, for a wide range of operational optical wavelengths including both telecommunication bands. We have carried out definition of mechanisms of photodegradation for a wide range of materials including chromophore/polymer composites; chromophore-containing dendrimers, polymers, and dendronized polymers; and for binary chromophore organic glasses. We have also investigated a wide range of processing conditions including examining the effects of lattice hardening, the addition of singlet oxygen quenchers, material packaging, etc. We have all the necessary facilities and expertise to carry out photostability measurements and improvements to meet metrics proposed in the following sections of this proposal.
Implementation and Demonstration of Prototype Devices:
The two most commonly implemented prototype device structures are shown in the accompanying figures. Mach Zehnder (MZ), In-PhaseQuadrature (IQ), and Phase Modulators are the most commonly employed modulator configurations utilized for information management in telecommunications, computing, and sensing applications.
Incorporating OEO materials into these device structures we have achieved record performance for information management. The results can be summarized as follows for silicon-organic hybrid (SOH) and plasmonic silicon-organic hybrid (PSOH) devices:
For SOH devices, the following performance has been achieved for devices with analog bandwidths greater than 100 GHz and digital bandwidths greater than 100 Gbit/s.
Voltage-Length Parameter: 0.5 V-mm; Digital Power Consumption: < 1 fJ/bit; Insertion Loss: < 10 dB; Device Footprint: < 0.25 mm 2 For PSOH devices, the following performance has been achieved for devices with analog bandwidths greater than 100 GHz and digital bandwidths greater than 100 Gbit/s Voltage-Length Parameter: 50 V-micron; Digital Power Consumption: < 13 fJ/bit; Insertion Loss: < 12 dB; Device Footprint: < 25 micron 2
